Abstract: While food and nutrition security are issues that national and international organizations are tackling, one of the central problems often overlooked is the essential role of soils in providing nutritious food. Soils are the base for food production and food security. However, the majority of soils are in fair and poor conditions, with the most significant threats being erosion and loss of nutrients. In this study, we estimate the potential of soil loss, agricultural productivity loss, and nutrient loss for Brazil's most important agricultural region, the Brazilian Cerrado, for the years 2000 and 2012. For this, we applied the Revised Universal Soil Loss Equation (RUSLE) model integrated with a geographical information system (GIS) to estimate annual soil loss rate and agricultural productivity loss, and used total nitrogen and total phosphorus in soil to estimate the annual nutrient loss rate caused by soil loss. All model factors and data were obtained from the literature. The results show that agricultural expansion in the Brazilian Cerrado is increasing the area of severe erosion, occasioning agricultural productivity decrease and soil nutrient depletion. The annual soil loss rate increased from 10.4 (2000) to 12.0 Mg ha −1 yr −1 (2012). Agricultural productivity loss occurred in more than 3 million hectares of crops and silviculture in 2000 and in more than 5.5 million hectares in 2012. Severely eroded areas lost between 13.1 and 25.9 times more nutrients than areas with low and moderate soil loss rates. These findings show that government policy should be directed to ensure the sustainable use of soils, mainly in agriculturally consolidated regions of the Brazilian Cerrado.
Introduction
Food and nutrition security are issues that national and international organizations are dealing with (e.g., the Food and Agriculture Organization, FAO) in the face of economic and population growth. However, one crucial problem that is often overlooked is the essential role of soils in providing nutritious food [1] [2] [3] . Soils are the base for food production and food security, as about 95% of global food is produced from soil. However, the majority of soils are in fair and poor conditions, with accelerated erosion and loss of nutrients being the most significant threats [4] [5] [6] .
Accelerated erosion is when soil losses take place much faster than new soil can be created through natural processes of decay and regeneration. This is a form of land degradation which leads to the The Cerrado corresponds to a large diversified landscape consisting mainly of grassland (campo limpo), grassland with scattered trees (campo sujo), savanna (cerrado, strict sense), and woodland (cerradão) [43] . The climate is characterized by distinct wet and dry seasons of relatively equal duration, with annual precipitation ranging from 800 to 1800 mm. There is a large variety in the rainfall distribution, with more than 70% of precipitation falling in the rainy season, which occurs in November to April. The smallest amount of precipitation falls in the northeastern part of the region [44, 45] . The average annual temperature varies from 20 to 26 • C [43] . Soil types are predominantly Ferralsols (~41%), Arenosols (~15%), Acrisols (~12%), and Plinthosols (~10%) [46] . These soils are highly weathered and have low contents of organic matter and nutrients, especially nitrogen and phosphorus [47] . The relief is mostly flat with areas of gentle hills [48] .
Brazilian governmental programs have encouraged the occupation and economic development of the country's central region, leading to the intensification of land use change in the Cerrado [49] . Consequently, by 2013, 46% (95 Mha) of the Cerrado's native vegetation cover had been deforested and turned into pasture and areas of mechanized agriculture [50] . By some estimates, only 20% of the region remains undisturbed and a mere 8% is preserved in protected areas. To make matters worse, the Cerrado is now home to the newest Brazilian agricultural frontier, named MATOPIBA-an acronym formed from the first two letters of Maranhão (MA), Tocantins (TO), Piauí (PI), and Bahia (BA) states. This most frontier has been characterized by rapid changes in land cover and land use for agricultural expansion [51] . For example, during the 2005-2014 period, the area used for soy crops in MATOPIBA increased by 86%, while the increase at the national level was 29% [52, 53] .
Methods
A brief description of input data and the soil erosion model (RUSLE) and its biophysical and anthropic parameters are given below. Next, we present the agricultural productivity and nutrient loss methodologies that were used to quantify the impacts of water soil erosion in agricultural lands. Other forms of erosion (harvest erosion, gully erosion, wind erosion, etc.) are not considered here. Finally, we present the statistical analyses applied to analyze the main parameters contributing to erosion in different areas of the Cerrado, such as erosivity, erodibility, topography, cover management, and supporting practices.
Input Data and Pre-Processing
All input data for the RUSLE model were stored, analyzed, and visualized within the ArcGIS ® environment (version 10.6). The GIS database was georeferenced using the World Polyconic projection and SAD 69 (South American Datum 1969). The full database is presented in Table 1 . The Land Use and Cover Maps for both 2000 and 2012 have 14 different land use and land cover units, which were reclassified in order to represent the classes of interest as follows:
(a) Agriculture class: agriculture areas, a mosaic of agricultural areas with remaining forest, a mosaic of forest vegetation with agricultural areas, and a mosaic of grassland with agricultural areas; (b) Pasture: planted and managed pastureland (e.g., cattle-ranching); (c) Silviculture: planted and managed forests with exotic species (e.g., eucalyptus, pines); (d) Natural vegetation: includes natural vegetation in different stages of ecological succession (e.g., forest vegetation, grassland, and wetland); (e) Others: artificial areas (e.g., urbanized zones, road systems, non-agricultural systems), continental water bodies, coastal water bodies, and uncovered lands (e.g., rock outcrops and sand dunes).
The Agriculture unit was split into three classes in an attempt to separate agricultural areas from forest vegetation and grassland: annual (grains), semi-perennial (sugarcane), and perennial (coffee). For this purpose, the Agriculture unit was multiplied by spatially explicit data of grains [56, 57] , sugarcane [58] , and coffee [59] . As a result, Annual, Semi-perennial and Perennial agricultural units were obtained, while residues were reclassified as Natural vegetation. Therefore, the final maps comprise seven land-use units: Pasture, Natural vegetation, Forestry, Annual crops, Semi-perennial crops, Perennial crops, and Others.
Revised Universal Soil Loss Equation (RUSLE) Model
The estimations of soil loss and its spatial distribution were obtained using the RUSLE model integrated with the GIS. RUSLE is an empirical mathematical model developed to estimate water soil erosion [26] . The evolution and improvement of the USLE led to the development of the RUSLE computer program [25, 26] . In the same way as its predecessor, the model does not estimate sediment deposition on slopes [60] , but only establishes an estimate of the average annual soil loss caused by rill and interrill erosion [61] . The RUSLE model estimates the potential soil loss rates, which indicate the intensity of the erosion processes. The model is a product of five factors, according to Equation (1):
where A is the annual average soil loss per unit area (t ha −1 yr −1 ), R is the rainfall-runoff erosivity factor (MJ mm ha −1 h −1 yr −1 ), K is the soil erodibility factor (t h MJ −1 mm −1 ), LS is the slope length and slope steepness factor (dimensionless), C is the crop management factor (dimensionless), and P is the erosion control practice factor (dimensionless). After integration with the GIS, soil erosion loss was calculated on a cell-by-cell basis in order to recognize the spatial patterns of soil loss. Thus, each factor was calculated taking grid cells of 94 × 94 m as reference. The spatial distribution of soil erosion loss was produced by multiplying all factor layers to produce a final map. In order to avoid the interference of outliers in the model due to the influence of topographic variation in the study area, we performed a percentile analysis where 95% (two standard deviations) of the soil loss pixels values were considered in the analysis and 5% of the soil loss pixels values were considered as outliers.
The methodological approach followed in RUSLE is detailed in the simplified flowchart depicted in Figure 2 .
Crop and silviculture productivity losses Figure 2 . Flowchart of the methodology used to estimate the average rate of soil loss, agricultural productivity loss, and nutrient loss for the Brazilian Cerrado using the RUSLE model integrated into a GIS.
Rainfall-Runoff Erosivity Factor (R)
The rainfall-runoff erosivity factor (R-factor) represents the erosive power of precipitation in a given soil, regolith, or other weathered material. Precipitation is the driving force of erosion and has a direct effect on different phases of erosional processes including the detachment of soil particles, the breakdown of aggregates, and the transport of eroded material by runoff. The R-factor is the kinetic energy of raindrops that fall onto the ground and is affected by rainfall intensity and raindrop size [26] .
Soil Erodibility Factor (K)
The soil erodibility factor (K-factor) is a property that depends upon two factors: the first one is the infiltration capacity to resist the detachment and transportation by rainfall, and the second one is the runoff process [62] . Therefore, K-factor values reflect the rate of soil loss per rainfall-runoff erosivity (R) index for a specific soil [26] . The K-factor varies from zero to one, with a value of zero referring to soils with less susceptibility to water erosion and a value of one referring to soils with higher susceptibility to water erosion [63] . A K-factor map was produced based on the soil map and erodibility values published in several studies conducted in different areas of Brazil for the same soil types. The K-factor values for each soil type in the Brazilian Cerrado are given in Table 2 . The topographic factor (LS-factor) represents the influence of the relief on the erosion process [26] . The LS-factor depends on the slope steepness (S) and slope length (L) considering slopes as uniform profiles. In general, soil erosion increases as the slope steepness increases due to increased runoff flow velocity. Additionally, soil erosion increases as slope length increases due to the rising accumulation of runoff on the downslope [20] . Maximum slope length is seldom longer than 600 ft (182.88 m) or shorter than 15-20 ft (4.57-6.10 m) [72] . Both parameters are obtained from a digital elevation model (DEM) considering different approaches and methods [73] . This study was based on [73] , which calculated the L-factor using as reference the upslope contributing area of each cell according to Equation (2):
where Li,j is the slope length factor for the grid cell with coordinates (i,j), Ai,j-in is the contributing area at the inlet of the grid cell with coordinates (i,j) (m 2 ), D is the grid cell size (m), m is a dimensionless exponent that depends on slope steepness (S), and xi,j is the flow direction value for the grid cell with coordinate (i,j). The exponent m was calculated according to [25] being S < 1%, m = 0.2; 1% ≤ S ≤ 3%, m = 0.3; 3% < S ≤ 5%, m = 0.4; and S > 5%, m = 0.5.
The slope steepnes (S-factor) was calculated based on [74] , according to Equations (3) and (4):
where θ is the slope radian (rad). Slope steepness was divided into six categories based on [75] , as depicted in Table 3 . Table 3 . Slope steepness categories for the Brazilian Cerrado by [75] .
Categories (%)
Relief Classification Area (%) 
Cover and Management Factor (C)
The cover and management factor (C-factor) represents an integration of several factors that affect erosion, including vegetative cover, plant litter, soil surface, and land management [25, 26] . This is the second most important factor in RUSLE, after topography, since it represents the conditions that can be easily changed to reduce overland flow and soil erosion [63] . Although treated as an independent variable in Equation (1), this factor depends upon other factors. The C-factor varies from near zero (for a good erosion protection) to one (for a poor erosion protection) [76] . As mentioned before, in this work seven land use classes for the Brazilian Cerrado were considered: Pasture, Natural vegetation, Silviculture, Annual crops, Semi-perennial crops, Perennial crops, and Others. The C-factor values extracted from the literature and the percentage of the area to each land use are presented in Table 4 . 
Supporting Practice Factor (P)
The effect of erosion control practice (P-factor) represents the relationship between soil loss with a specific support practice and the corresponding loss with up-down slope cultivation [26] . The P-factor varies according to soil conservation practices, and thus has a strong influence on soil loss. Practices characterized by the P-factor include strip-cropping and terracing which are not applicable to the most forested region [26] . Since the soil conservation practices for each system cannot be known for the entire Brazilian Cerrado, where an area of about 880,000 km 2 is occupied by farmland, the P-factor values were determined according to [85] , and applied as in [86] [87] [88] , which calculated this factor based on slope radian (θ). Thus, the P-factor was calculated to be 0.6 for 0 ≤ θ ≤ 5%, 0.69947 − 0.08991 * θ + 0.01184 * θ 2 − 0.00035 * θ 3 for 5% < θ ≤ 20% and 1.0 for θ > 20%.
Crop Productivity Loss (CPL) Estimation
Loss of agricultural productivity in the Brazilian Cerrado was also estimated using the outputs of the RUSLE model. Based on [8] , we assumed that a crop productivity loss of 8% occurs in agricultural fields cultivated with high erosion rates (>11 t ha −1 yr −1 ). According to the literature, the productivity loss caused by erosion can reach 80% [6] . Therefore, here we assumed a conservative value of 8%, according to [8] , due to the lack of data for the Brazilian Cerrado region. As fertilizers are used in most agricultural lands, we did not consider any productivity loss in agricultural fields that have low and moderate soil loss rates (<11 t ha −1 yr −1 ), because fertilizers may compensate low and moderate productivity losses. Thus, the rate of crop productivity loss due to water erosion was estimated according to [8] , as in Equation (5):
where CPL i is the crop productivity loss (tonnes) where i represent the crops, SEA i is the area of severe erosion (ha), and CP i is the crop productivity (t ha −1 ). The crop productivity loss was calculated for the years 2000 and 2012. Values of crop and silviculture productivity were based on data from the Brazilian Institute for Geography and Statistics [89, 90] and the Statistical Yearbook of the Brazilian Association of Planted Forest Producers (ABRAF) [91, 92] . Soy and maize represented 37.9% and 35.0% of annual crop area in 2000 and 52.0% and 31.2% in 2012, respectively [18, 93] . The crop productivity loss was calculated for soy and maize, as well as for a semi-perennial crop (sugarcane) and a perennial crop (coffee). We did not measure soil productivity loss in pasture lands due to a lack of data for grass production. We do not consider that the number of head of cattle per ha is a direct measurement of productivity loss in pasture lands.
Nitrogen (N) and Phosphorus (P) Potential Loss Estimation
Nutrient loss in the Brazilian Cerrado was estimated using the outputs of the RUSLE model. As the addition of fertilizer alone cannot compensate for all the nutrients lost when the topsoil erodes [4] , in this study we only considered the loss of nutrients inherent to each type of soil and did not take into account the loss of nutrients from fertilizer application. We used nutrient values from topsoil (0 to 20 cm depth). The nitrogen values for each soil type of the Cerrado are based on [94] . The values of phosphorus are based on [95] . We estimate the loss of nitrogen (N) and phosphorus (P) in the soils according to [28, 29] , as follows:
where N and P are the estimates of nitrogen (kg ha −1 ) and phosphorus (g ha −1 ), respectively, in the soil erosion, A is the soil erosion rate (t ha −1 yr −1 ), and TOTN and TOTP are soil total nitrogen (in kilograms of N) and total phosphorus (grams of P) per kilogram of soil, respectively. We are aware that connecting nutrients and crop productivity is a complex task given that crop productivity depends on several factors, such as plant genotype, pest control, available water, association with microorganisms, agricultural management, and many others. Therefore, here we estimated nitrogen and phosphorus potential loss as just one of the factors that can affect agricultural productivity.
Statistical Analysis
We conducted a statistical method based on the principal component analysis (PCA) that uses a mathematical procedure that transforms a number of (possibly) correlated variables into a (smaller) number of uncorrelated variables named principal components [96, 97] . In other words, PCA is a dimension-reduction tool that can be used to reduce a large set of variables to a small set that still contains most of the information in the large set. In this study, PCA was used to assess the contribution of the individual components (R-factor, K-factor, L-factor, S-factor, C-factor, P-factor) on the magnitudes of erosion considering four regions within the Cerrado for the years 2000 and 2012. For that, we used the software Statgraphics Centurion XV ® , version 15.2.00. PCA includes calculation of eigenvalues and their corresponding eigenvectors of the covariance matrix to produce the new variables in decreasing rank of importance to describe variation in the original variables [96, 97] . A principal component matrix representing the transformation of coefficients (calculated from the covariance matrix), and a set of principal components (PCs) is obtained as the output [96, 97] . Therefore, each output PC has different information that is uncorrelated with other PCs. PCA with Varimax rotation was performed to identify the PCs with the purpose to enhance the interpretability of their components. However, only PCs with eigenvalues of 0.9 or more were considered.
Results and Discussion
We present the estimation of potential soil losses in the Cerrado for the years 2000 and 2012. The estimation of agricultural productivity losses is described in the second Section 4.2. The following sections present the estimations of potential nutrient losses and priority areas for soil conservation. The final section presents the limitations of this study.
Potential Soil Loss in the Brazilian Cerrado and Its Spatial Distribution
Soil loss in the Brazilian Cerrado increased over time. In 2000, the average soil loss was 10.4 t ha −1 yr −1 and in 2012 it was 12.0 t ha −1 yr −1 . The main cause of this increase was the expansion of agricultural land. Table 5 presents the categories of soil loss for the entire Brazilian Cerrado, and Figure 3 presents the spatial distribution of these soil loss categories. Table 6 presents the average soil loss by pasture, silviculture, and annual, semi-perennial, and perennial crops, and Figure 4 presents the hotspot of change in soil loss between 2000 and 2012. The results show that about 70.5% (1,535,487 ha) of the Cerrado was in the category of slight erosion in 2000 (Table 5 ). This category continued to dominate in 2012, accounting for 67.6% (1,473,120 ha); however, it showed a reduction of 62,367 ha as a consequence of the increased soil loss. Between 2000 and 2012, the area in the categories of moderate, high, very high, severe, and very severe erosion increased by 0.7% (16,052 ha), 0.7% (15,775 ha), 0.6% (12,854 ha), 0.4% (8849 ha) and 0.4% (8837 ha), respectively. Figure 3 shows that the areas that are most vulnerable to very high (20-40 t ha −1 yr −1 ), severe (40-80 t ha −1 yr −1 ), and very severe (>80 t ha −1 yr −1 ) soil loss are located in regions with steep slopes (i.e., high LS-factor). However, some areas where crops and silviculture are located also show high values of soil loss. Consequently, the increase in soil loss between 2000 and 2012 can be partly attributed to agricultural expansion and the reduction of natural vegetation (Table 4) , as soil loss has a close relationship with the type of land use cover.
All agricultural lands are classified in the high, very high, and severe soil loss categories, with their soil loss rates increasing over the period between 2000 and 2012, as shown in Table 6 . Semi-perennial crops, silviculture, and perennial crops have the highest rates of soil loss, and presented increases in soil loss rates of 2.6%, 14.6%, and 5.5% in this period, respectively. These crops presented a high land cover management factor (C-factor) due to conventional tillage. Additionally, in some states of the Cerrado, such as São Paulo (SP) and Minas Gerais (MG) (Figure 3) , some semi-perennial, silviculture, and perennial crop lands are located in regions above 12% of slope, which represents lands with a strong susceptibility to erosion [98] . Annual crops and pasture have the lowest rates of soil loss, with increases in soil loss rate of 3.9% and 4.8%, respectively. The low rates are due to the reduced land cover management factor (C-factor) for these uses, especially for annual crops where reduced or absent tillage practices are applied. Figure 4 shows the hotspot of soil loss changes in the Brazilian Cerrado. Red areas indicate areas where the soil loss increased from 2000 to 2012 and black areas indicate areas where the soil loss decreased from 2000 to 2012. These results show that the increase in soil loss occurred in areas where agriculture and pasture lands expanded between 2000 and 2012. Although the highest soil losses are observed in regions with steep slope and some areas of crops and silviculture (Figure 3 ), as mentioned above, the new areas where the soil loss increased are located where agricultural lands expanded. In Figure 4 , it is possible to see four different areas: a, b, c, and d. In both areas a and b, there was a predominance of annual crop expansion; in area c, there was a prevalence of semi-perennial crop expansion; and in area d, there was a predominance of silviculture expansion. These four areas are located in the agricultural consolidated region (states of Mato Grosso, Mato Grosso do Sul, Goiás, Minas Gerais, São Paulo, and Paraná), where the change in soil loss was greater. In general, about 89.6% (1,951,730 ha) of the Cerrado area in 2000 showed no change in soil loss relative to 2012. The area in which increased soil loss was observed accounted for about 6.2% (135,052 ha) of the Cerrado area, and the area in which decreased soil loss was observed accounted for 1.9% (41,387 ha). These results suggest that soil loss in the Cerrado is increasing.
The purpose of the PCA was to obtain a small number of factors which account for most of the variability in the six components of soil erosion (R-factor, K-factor, L-factor, S-factor, C-factor, and P-factor). The PCA results were applied for the areas a, b, c, and d ( Figure 4 ) and indicated four principal factors with eigenvalues greater than 0.9 (Table 7) . These factors together account for a cumulative variance of 54.3% (2000) (Table 7) . Unlike the three areas mentioned above, for the area c, the results were not statistically significant with regard to the proportionality among the factors.
The variables considered in the PCA and their factors loadings within their respective PCs are presented in Table 8 . In general, for the areas a, b and d, the most significant variables that contribute to water erosion are erodibility (K-factor), cover management (C-factor) and erosivity (R-factor). In area a, the most important variables were erodibility reaching a value of 0.72 (PC 1) in 2000 and cover management reaching a value of 0.96 (PC 1) in 2012. These results are due to 67.7% of area a is formed by soil with high erodibility (above 0.05 t h MJ −1 mm −1 ). In addition, the annual crops area showed very significant growth from 1.7% of the total area to 48% for the period 2000-2012. In area b, the cover management was also the most important variable that contributed to erosion reaching a value of 0.94 (PC 1) in both years (2000 and 2012) . This area also reflects the growth of annual crops area rising from 23% of the total area in 2000 to 85% in 2012. In area d, the most relevant variables were erosivity reaching a value of 0.90 (PC 1) in 2000 and 0.91 (PC 1) in 2012 and erodibility reaching a value of 0.84 (PC 1) in 2000 and 0.76 (PC 1) in 2012. These results clearly reflect the erodibility variation between 0.2 and 0.5 t h MJ −1 mm −1 and erosivity of 7800 MJ mm ha −1 h −1 yr −1 in area d. In general, PCA analyses were reasonable to show significant variables that contribute most with erosion processes in the selected areas. These analyses are important because they can indicate the best agricultural management practice to be applied regionally according to the characteristic of each area. 
Crop Productivity Loss in Severely Eroded Areas and Their Spatial Distribution
Agricultural productivity loss occurred in 3,035,274 hectares of crop and silviculture land in 2000 and in 5,676,886 hectares in 2012 (Table 9 ). These areas are severely eroded (>11 t ha −1 yr −1 ) and represent 13.27% (2000) (Table 6 ). The lowest productivity loss (as a percentage) is found in annual crops (soy and maize) due to their having the lowest erosion rates.
The potential impact of agricultural productivity loss due to severe erosion on food security is difficult to quantify, especially at a regional scale, given that it involves different factors such as food price and distribution and consumer income [99] . However, the significant increase of the agricultural productivity loss in crops and silviculture-from 9,204,000 tonnes in 2000 to 20,289,000 tonnes in 2012-indicates that government policy should be directed to ensure the sustainable use of soils, including appropriate crop and soil management practices to maintain soil quality and crop productivity. Despite the importance of soil conservation, the implementation of practices to minimize soil erosion has not followed apace with the severity of the problem [100] . * Units of tonnes used for soy, maize, sugarcane, and coffee; ** units of m 3 used for silviculture. Figure 5 shows the areas which are severely eroded in the Brazilian Cerrado, including pasture. These areas are especially located in consolidated agricultural regions. The states of Goiás, Mato Grosso do Sul, and Minas Gerais show areas of severe erosion in pasture lands. São Paulo state contains concentrated areas where severe erosion is caused mainly by semi-perennial crops (sugarcane). In the south of São Paulo, Paraná, and Mato Grosso states are areas with a predominance of annual crop erosion. Areas which are severely eroded by silviculture can be seen in the Paraná, Minas Gerais, and Mato Grosso do Sul states. These areas, shown in Figure 5 , show a decrease in agricultural productivity (Table 9) and nutrients (as shown in the next section), and can be considered as priority areas for soil conservation. Productivity loss in pasture lands was not measured due to a lack of data for grass production. The natural vegetation class was included in Figure 5 , however the severe erosion of natural vegetation areas is due to natural processes of erosion resulting from very steep slopes and sparse vegetation.
The loss of crop productivity due to severe erosion causes economic loss [8] . In the European Union (EU), the total economic loss in agricultural productivity due to severe erosion is around 1.257 billion EUR (reference year: 2010), which corresponds to 0.43% of the EU's total agriculture sector contribution to Gross Domestic Product (estimated at 292.320 billion EUR) [8] . In the case of Brazil, there is no available estimate for the total economic loss caused by agricultural productivity loss. However, some studies point out that the economic costs caused by water erosion can reach 242 million USD a year for some Brazilian states [101] . According to our study, Brazilian states located in agricultural consolidated regions of the Cerrado will experience higher economic losses due to extensive areas of severe erosion ( Figure 5 ). 
Potential Nutrient Loss in Severely Eroded Lands
Considering that nutrient loss is one of the factors that contributes to the decrease of agricultural productivity, Table 10 presents the general average rate of nutrient loss for each land use cover. Moreover, Table 10 specifies the average rate of nutrient loss in areas with different soil loss for the years 2000 and 2012: low and moderate soil loss areas (≤11 t ha −1 yr −1 ) and severely eroded areas (>11 t ha −1 yr −1 ). In general, nutrient loss by water erosion increased between 2000 and 2012 in the Cerrado. Severely eroded areas lost 13.2 to 25.9 times more nitrogen and 13.1 to 23.1 times more phosphorus than areas with low and moderate soil loss rates. This means that the quantity of nutrients lost in severely eroded areas are not well replenished by fertilizers, resulting in soil nutrient deficit. These lands require more agricultural inputs, have higher production costs, and require the application of techniques for drainage and erosion control [4] . Considering that Cerrado soils are naturally nutrient-poor for agricultural production, this study shows that high and severe erosion are making Cerrado soils increasingly nutrient poor. The amount of nutrient loss caused by erosion depends on both the nutrient concentration of eroded soil and the total amount of soil loss [102] [103] [104] [105] . As expected, the average rate of nutrient loss was higher in semi-perennial crops, silviculture, and perennial crops, as these have the highest soil loss rates. Those crops use conventional tillage, which studies point out can result in up to nine times more nutrient loss than those areas that use conservationist practices which combine the effect of increased soil plant residues and, consequently, lead to the reduction of soil and water losses [105] . With agricultural expansion between 2000 and 2012, the average rate of soil nitrogen loss increased by 21.4% in silviculture, 2.8% in semi-perennial crops, and 3.8% in perennial crops (Table 10 ). The average rate of soil phosphorus loss increased by 19.0% in silviculture, 5.0% in semi-perennial crops, and 3.2% in perennial crops. As annual crops and pasture have the lowest soil loss rates, the average rate of nutrient loss is also lower for these land use types. Additionally, conservationist practices applied in annual crops favor lower nutrient losses. Between 2000 and 2012 the average nitrogen loss rate reduced by 11.1% for annual crops and increased by 3.5% for pasture. In the case of phosphorus, the average loss rate increased by 5.1% and 5.9% for annual crops and pasture, respectively.
Although the addition of fertilizer alone cannot compensate for all the nutrients lost when the thin topsoil layer is eroded [4] , further expenditure with fertilizers is required to improve productivity [100] . The costs of energy to produce nitrogen fertilizer and phosphorus shortage have caused concern about the availability of inorganic fertilizers for farmers in developing countries, given the increased price of these nutrients [100] . As a solution, more efficient nutrient recycling and improved agricultural soil practices are needed, as discussed in Section 4.4. Figure 6 shows the map of potential nitrogen and phosphorus loss rate for the Brazilian Cerrado. 
Priority Areas for Soil Conservation and Erosion Control Practices
In the 21st century, soil degradation is considered to be a global problem, most critically in the tropics. Soil degradation accounted for a decrease in soil ecosystem services by 60% between 1950 and 2010 [106] . Furthermore, soil degradation can also dampen economic growth, especially in countries where agriculture is the engine for economic development [107] .
In all severely eroded areas of the Cerrado, conservation practices must be applied to improve soil conditions and boost productivity. Minimal soil disturbance, zero tillage, permanent soil cover, and crop rotations are some conservation principles that can be applied in severely eroded agricultural lands. Figure 5 shows the severely eroded areas which are a priority for soil conservation. As mentioned before, the agricultural consolidated region is the most affected by severe erosion. Although there is a tendency of crops expanded over pasture lands in the Cerrado, there are still large degraded areas of pasture under intensive erosive processes that need to be rehabilitated [38, 77] . Semi-perennial crops lead to strong erosive processes on soil, mainly in the south of the Cerrado. In these plantations, crop residues could be kept on the soils to protect them. Additionally, at the end of the sugarcane cycle, soil exposition could be avoided by planting other crops [108] . Silviculture and perennial crops were previously planted in areas with slope above 12%, occasioning strong erosion; those areas could be avoided due to the impact of mechanization disturbances and disturbances on drainage lines. Conventional tillage in annual crop lands should be replaced by reduced tillage, or tillage should be stopped, to decrease erosion.
According to [109] , practices of conservation agriculture that could help to avoid soil degradation and erosion include the retention of crop residue, the incorporation of cover crops in the rotation cycle, the use of integrated nutrient management (INM) involving a combination of chemical and biological fertilizers, and the elimination of soil mechanical disturbances. Additionally, the use of organic amendments rich in nutrients (such as nitrogen), by recycling organic by-products including urban waste, is a useful strategy to enhance soil fertility and improve structural stability or aggregates that could be an alternative to soil conservation [109] . Furthermore, in order to strengthen soil conservation, strong government programs are necessary, not only from state programs, but also from Federal Government programs to provide the diffusion of conservation practices and technical and financial conditions to recover degraded areas. Brazil has good soil conservation practices, such as crop-livestock-forest integration (ILPF, in Portuguese), but these need to be further disseminated among farmers, and financial incentives for farmers would be welcome to make such practice a reality.
Limitations of This Study
The main limitations that should be considered in this study are: (a) the soil erosion estimates as outputs of the RUSLE model; (b) the erosivity data; (c) the estimates of productivity loss; and (d) the estimates of nutrient loss in agricultural lands.
The first limitation is the application of RUSLE and the prediction of potential soil loss rates. The calculation of erosion rates for about 2 million km 2 is a very large challenge. Indeed, that is the main reason for using models to estimate erosion rates. The estimation of erosion rates based on empirical data is more appropriate for small catchments. There are some plot studies of soil erosion [108, 110] , however these are not perfectly suited for model validation as they are not compatible with the model outputs. According to [30] , soil erosion models should incorporate and be validated by field-based assessments of erosion. However, plot data must be collected in a way that is suitable for comparison with model outputs, which in general express erosion rates in terms of physical quantities. An advantage of this study is that the RUSLE model was applied at 94-m resolution, which is suitable for use in large areas such as the Cerrado.
The second limitation is concerned with the erosivity data. Ideally, different temporal series of precipitation data should be used to calculate erosivity for the years 2000 and 2012 in order to better represent the precipitation variability over the 12-year period. However, due to a lack of erosivity data for different temporal series, we used the same erosivity data [54] for both periods (2000 and 2012) . Considering that the sensibility of the RUSLE model is only about 12% for the erosivity factor for water erosion in Brazil, and about 66% for the cover management factor [111] , we believe that the application of both land use and cover maps for the years 2000 and 2012 allowed the RUSLE model to adequately represent the soil loss that occurred in this period in the Brazilian Cerrado.
The third limitation is the estimation of agricultural productivity loss. Based on [8] , we assumed that a crop productivity loss of 8% occurs in intensively cultivated agricultural lands. However, this percentage can vary according to the soil and crop type.
The last limitation, but not the least important, concerns the estimates of the loss of nutrients. We recognized that there are significant variations in the quantity of nutrients in the soil even when the soils are of the same type. However, there is a limitation in that this study did not georeference available plots of nutrients loss in the Cerrado. This limitation resulted in a homogeneous distribution of nitrogen and phosphorus amounts across the same soil type, which we consider as suitable for a study area of about 2 million km 2 . Another point to note is that our estimates may underestimate nutrient loss by erosion because we did not consider the nutrient input from fertilizers.
Conclusions
The management of soil quality is essential to provide food to people, as well as to strengthen and sustain ecosystem services. The soil is non-renewable over human timescale (decades), and conservation practices are central to guarantee goods for future generations. Recognizing that, this study addresses the challenge of food security, soil degradation, and the importance of the Brazilian Cerrado for meeting future agricultural production. This is the first study that combines estimates of the potential soil loss, potential agricultural productivity loss, and potential soil nutrient loss for agricultural lands on the scale of the Brazilian Cerrado for the years 2000 and 2012. The main findings indicate that: (1) the average soil loss rate in the Brazilian Cerrado increased from 10.4 t ha −1 yr −1 (2000) to 12.0 t ha −1 yr −1 (2012) as a result of agricultural expansion. Semi-perennial crops, silviculture, and perennial crops have the highest rates of soil loss; (2) agricultural productivity loss associated with severely eroded soil increased significantly, from 3 million hectares of crops and silviculture in 2000 to 5.5 million hectares in 2012. These areas represent 13.3% (2000) and 13.8% (2012) of the total crop and silviculture area in the Cerrado; (3) severely eroded areas lost between 13.2 and 25.9 times more nitrogen and between 13.1 and 23.1 times more phosphorus than areas with low and moderate soil loss rates; (4) government policy should be directed to ensure the sustainable use of soil, mainly in agriculturally consolidated regions of the Brazilian Cerrado, where severely eroded areas are increasing, leading to a decrease in agricultural productivity and the depletion of soil nutrients. Brazilian states located in agricultural consolidated regions may experience considerable negative economic effects as a result of extensive areas of severe erosion; (5) in this sense, soil erodibility (K-factor), cover management (C-factor) and erosivity (R-factor) are relevant factors that contribute most with erosion processes in three agriculturally consolidated areas selected within the Brazilian Cerrado. This finding suggests that agricultural management practices could be differentiated and applied according to the regional characteristics.
Although the estimations above presented an increase in soil erosion and consequential loss of soil productivity and nutrients over time in the Cerrado, some limitations need to be taken into account in future evaluations. The estimation of erosion rates by models such as RUSLE for large areas may lead to uncertainties and resolution is central to lead to more accurate outputs. Moreover, soil erosion models should incorporate and be validated by field-based assessments of erosion if available. Furthermore, the lack of some important data such as erosivity for different time series, punctual estimation of productivity and nutrient loss limit the accuracy of the model and may affect the sensitivity analysis of the model output. 
